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-mortem history of Egyptian
mummies using nuclear microprobe analysis of
trace metal elements and mineral dust particles
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Trace metal elements present in black matter coatings and airborne dust particles trapped by Egyptian

mummies were studied by combining m-PIXE and m-IBIL spectroscopy and mapping. Among the samples

from 16 mummies that were analyzed, a detailed study was carried out on fragments of strips and black

matter detached from the enigmatic human mummy preserved in the Musée de Boulogne-sur-Mer,

France. Quantification of V and Ni showed that the mummy's bitumen comes from an unknown source,

different from the Dead Sea which was the main source of bitumen in the black matter of the other

studied mummies. Abundant microparticles of Egyptian blue pigment and of airborne aluminosilicate and

carbonate particles trapped on both sides of the samples were detected by m-PIXE and m-IBIL, with more

aluminosilicates on the inner side of strips, facing the mummy, and more carbonates on the outer faces,

facing outward. The nature and distribution of dust particles suggested that the mummy was exposed to

at least two dust events: one event in South Egypt during preparation of the mummy, and the other in

Northern Egypt after excavation of the mummy. The abundance of mercury indicates that the mummy

had undergone, in the first third of the 19th century, undocumented treatments with mercury salts to

protect the mummy against insects and fungi.
Introduction

Many mummies discovered during ancient excavations of
Egyptian necropolises, carried out in the rst half of the 19th
century, are now on display in museums aer spending time in
private collectors' cabinets. In many cases, little is known about
these mummies, as writings about them have been lost, or are
suspect, or do not exist. The mummy of an unknown man
conserved in the Musée de Boulogne-sur-Mer (hereaer referred
to as BSM), France, is a good illustration of this situation.
Despite the limited information available on this mummy, it is
of real historical interest for several reasons. Acquired in 1837
by the museum from a private Parisian collector, the mummy
was contained in two nested coffins (the intermediate and outer
coffins), while the inner coffin is conserved in the Musée des
Beaux-Arts, Grenoble, France (Fig. S1). The outer coffin di-
sappeared probably during the 1st world war. A 19th-century
handwritten inscription on the inner coffin reads (in
French):1,2 “Mummy from the catacombs of Thebes (.) brought
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back by Vivant Denon from the French expedition, 1799”, which
refers to Napoleon Bonaparte's expedition in Egypt (Fig. S1).
However, the author of this inscription is unknown, which casts
doubt on the real origin of this funerary ensemble. Further-
more, it was suspected that the mummy was not the genuine
occupant of these coffins, but was placed in them to improve
their market value, a common practice in the 19th century.3

Finally, it was this mummy that led Auguste Ferdinand Mari-
ette, one of the fathers of Egyptology in the 19th century, to
discover Ancient Egypt: “I entered Egypt (.) through the
mummy in the Musée de Boulogne”.4 The coffins belong to
Nehemsimontou, a priest from Thebes who probably lived in
the 8th century BC, i.e. during the end of the XXVth dynasty.5

The mummy's body is partially coated with a solid, black, shiny
substance showing drips at some places (Fig. S2). Damaged by
insect attacks, and badly weakened (right wrist and both ankles
broken), this mummy was consolidated in 2004 at the Centre de
Recherche et de Restauration des Musées de France (C2RMF)
Paris, France.6,7 During these interventions, fragments of strips
covered with black matter became detached from the head and
the neck and were conserved for later study.

Surprisingly, the analysis of these samples by Electron
Paramagnetic Resonance (EPR) and gas chromatography
coupled with single quadrupole mass spectrometry (GC-MS)
revealed that the shiny black coating of the mummy consists
of pure bitumen,8 whereas analyses of embalming matter in
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Egyptian mummies generally show that they are made up of
complex mixtures of different natural substances (vegetable
resins, beeswax, fats, etc.),9–15 with variable proportions of
bitumen ranging from 0% to a maximum of 35–40%.16–18 EPR
provided highly sensitive and non-destructive method for
detection and quantication of vanadyl porphyrins (VO–P) at
trace levels, which are specic molecular markers of bitumi-
nous oil and bitumen.19 In VO-Ps, VO2+ ions are coordinated
with the four nitrogen atoms of the porphyrin rings, but in
mummy coatings, these VO-P complexes are partially trans-
formed into oxygen coordinated VO2+ complexes.8,20 Surpris-
ingly, the VO-Ps of the BSM mummy's bitumen showed no sign
of chemical transformation, so that this apparent “freshness” of
the bitumen coating could suggest that the mummy was
embellished before it was sold with the coffins in the early 19th
century, by covering it partially with pure bitumen. Conse-
quently, two questions arise about this unaltered bitumen
coating. The rst one is its geographical origin, given that by far
the most important source of bitumen in ancient Egypt was the
Dead Sea.11,16,21–25 The second one concerns the time when this
bitumen was applied to the mummy, which may have been
either during its mummication in ancient Egypt, or at the
beginning of the 19th century to embellish and protect it from
attack by insects and other organisms.

To address these questions and in order to obtain more
information on this mummy, trace element heritage of the
strips and the coating was used as a chemical memory of the
post-mortem mummy's history, from its mummication to its
exhibition in the museum. We can distinguish three potential
generations of trace elements that could have marked the
mummy's history. The rst one is present in the black coating
itself, with variable enrichment in V, Ni and S which can provide
information on the source of the bitumen.16,26–29 The second
generation of trace elements belongs to mineral dust micro-
particles from the airborne fraction of soil and man-made
materials, present in the ambient environment of mummica-
tion, and that have been trapped on the mummy during its
preparation.30,31 The third generation of trace elements
appeared aer the mummy has been excavated and displayed in
a private collection or museum, where it may have undergone
other dust input and more or less documented protective
treatments during the 19th–20th centuries.

In general, the analysis of minerals is based on classical
petrological methods, i.e. polarized light microscopy, scanning
electron microscopy (SEM) and X-ray diffraction (XRD). Polar-
ized light microscopy, however, requires the preparation of very
thin slides. Apart from the fact that we have very few samples of
the mummy, as the others were sacriced in the GC/MS and
EPR studies,8,20 these fragments are extremely fragile and
composite, and therefore highly unsuitable for the design of
thin slides. SEM observation with X-ray secondary emission
analysis (EDS analysis) is possible directly on a sample, but the
latter must be placed under high vacuum (low vacuum in the
case of environmental SEM), and it is necessary to make it
conductive by treating the surface. These analytical methods
must therefore be regarded as destructive for these rare,
precious and fragile human remains. In the present work,
386 | J. Anal. At. Spectrom., 2026, 41, 385–403
major, minor and trace chemical elements present in the BSM
mummy and other mummies were analyzed by combining m-
Particle Induced X-ray Emission (m-PIXE), m-Ion Beam Induced
Luminescence (m-IBIL), and proton Elastic Back Scattering
(EBS).32
Materials and methods
Description of samples

During consolidation work on the BSM mummy in 2004 at the
C2RMF, pieces of strips covered with black matter became
detached from the neck and the head (Fig. 1), and were preserved
for analysis.7 Some pieces were analyzed visually during this
intervention. Several fragments were sacriced in 2019 for GC-
MS, EPR and Hyperne spectroscopy analyses.8,20 Three other
fragments were analyzed in the present work by combined PIXE-
IBIL-EBS analysis. For these samples, labelled 1, 2 and 3, we
distinguished their inner face a (facing the mummy) and the
outer face b (facing outward). Sample 1 is a fragile fragment of
strip, with one face soaked with brown, matt-looking black
matter, and with the other face covered with smooth, shiny black
matter showing drips, which indicates that it is the outer face b of
the sample (Fig. 1b). Sample 2 is a very fragile strip fragment
detached from the top of the head, with a clean outer face b, and
the inner face a covered with a thick layer of black matter that
partly extends over the outer face (Fig. 1c). Sample 3 is a mono-
lithic and solid plate of blackmatter, with a dull brown inner face
a, and the outer face b showing drips (Fig. 1d). This face was not
analyzed for reasons of limited beam time.

Two other series of samples of embalming matter (labelled
corpus A and corpus B) were taken from 15 different mummies,
and were analyzed by PIXE and IBIL for comparison with the
BSM mummy. These samples have been previously described
and analyzed in detail by EPR and PIXE for some metallic
elements (Ni, V andMo).16 Their characteristics are summarized
in Table S1. They belong to 9 birds (labelled 1 to 14) for corpus
A, and 2 rams (An1 and An2/An3), 1 crocodile (An4), 1 human
mummy (Hum2) and a fragment of black matter taken from the
bottom of a human coffin (Hum1) for corpus B. Fragments of
bitumen from the Dead Sea (DS) were also used as a reference.
The external proton beam analysis system

Combined m-PIXE, m-IBIL and m-EBS analyses of raw samples
were carried out in air at the AGLAE facility (Accelerateur Grand
Louvre pour l’Analyse Elémentaire) of the C2RMF located in the
Palais du Louvre, Paris. In this system, a 3 MeV external proton
micro-beam with z 30/40 mm diameter scanned the sample
surface with a fast vertical magnetic deection of the beam as
a 40 × 500 mm2 brush across a 100 nm thick Si3N4 exit window,
as it was slowly mechanically translated. PIXE spectra were
collected with four 50 mm2 SDD-EDX detectors (Ketek AXAS-A),
with one low energy (LE) and three high energy (HE) detectors,
positioned at 45° and 50°, respectively, relative to the beam axis
(Fig. S3). The HE detectors were covered with a 100 mm Mylar
lter to collect X-rays from minor and trace elements (Z > 20).
The LE detector was tted with a magnetic deector under a 1
This journal is © The Royal Society of Chemistry 2026
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L min−1 He ow and was used to record X-rays of light elements
(10 < Z < 29), which can reveal the presence of mineral dust
microparticles embedded in the black organic coatings and the
linen strips. The simultaneous combination of three HE
detectors is equivalent to a high solid angle super detector,
increasing signicantly the detection limit for trace elements
without increasing irradiation doses.33 The optical lumines-
cence (m-IBIL) was collected with a 1 mm diameter optical bre
placed at 3 mm distance of the sample and at 45°, and was
conducted to a research grade OCEAN OPTICS QE65000 spec-
trometer recording from 200 to 1000 nm with a resolution of
3 nm FWHM.34 The elastically backscattered protons (EBS) for
detection of major elements of the organic matter (C, N, O) were
collected by a PIPS detector (Passivated Implanted Planar
Silicon) at 135° with respect to the incident beam (Fig. S3).

The small size and fragility of the samples (Fig. 1) required
precautions to preserve their integrity during measurement.
However, the spatial pixel size of 25 mm enabled us to map
a minimum area of 500 × 500 mm2, on sample sizes of the order
of 10 mm. To analyze such small samples, they were placed on
a support topped by a plastiline cylinder covered with plastic
lm, so as to raise their surface vertically and perpendicular to
the beam axis, while avoiding any contamination of the
samples.16 The areas mapped on each sample were pre-selected
from binocular loupe images of both sides of the three samples.
The selection criteria were (i) a fairly at surface, as large as
possible (several mm2 ideally), which would be the subject of
large-scale mapping (over 2000× 2000 mm2) in the rst instance
(ii) various visible surface heterogeneities, concentrated in a single
region of interest (ROI) which would be the subject of smaller-scale
targeted mapping (500 × 500 mm2 to 1000 × 1000 mm2) in the
Fig. 1 (a) Head of the BSM mummy (Boulogne-sur-Mer Museum collec
(inner side a, and outer side b) of samples 1, 2 and 3 taken from the he
represented by coloured squares and rectangles.

This journal is © The Royal Society of Chemistry 2026
second instance. Once the samples have been placed on the
support, the camera of the beamline end station was used to
pinpoint the areas selected for analysis. The different zones
mapped are represented in Fig. 1, and the analytical procedure is
described in SI Section S2.3. The differentmappings are labelled as
follows, taking 3a1 and 1b4 as examples: the 1st digit is the sample
number (1, 2, 3); the Greek letter represents the face of the sample
(a for inner and b for outer); the last number in index is the
mapping number, which makes it easy to identify the mappings
carried out on each sample. The characteristics of the various
mappings carried out in this work, namely total and effective
numbers of pixels permapping, proton dose collected in mC, beam
intensity in nA, and beam uence in mC cm−2, are given in Table
S2.More details on the selection and analysis of themaps are given
in Section S2.2 of the SI.

Data processing for m-PIXE, m-IBIL and m-EBS analyses

The interaction of the 3 MeV proton beam with the bitumen
coating was modelled using Stopping and Range of Ions in Matter
(SRIM 2008) soware, which calculates the effects of ion inter-
action with matter.35 These calculations give a path length of
127 mm for protons in pure bitumen with a density of
1.1 g cm−3. So, if a linen strip is covered with a layer of bitumen
of thickness d, the proton beam will only probe the bitumen if
d >z 130 mm. It will probe both the bitumen and the strip if the
bitumen layer is much thinner. Also, the decay of proton energy
as it penetrates the material (bitumen or strip) has a dual
impact on embedded mineral dust analysis. Firstly, the effi-
ciency of PIXE emission decreases as protons no longer have the
nominal energy (3 MeV), and secondly, the X-rays emitted at
depth are attenuated as they travel towards the detector. These
tion, inv.1a.R2) © Didier Gourier; (b–d) photographs of the two faces
ad and neck © O.Anduze; the area mapped by the proton beam are
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two combined effects have a strong impact on the quantica-
tion of light elements, primarily Al and Si.36 A simulation of this
burial effect is given in Table S3 for Ca/Al, Si/Al and Ca/Fe ratios.
Qualitative information on the depth of localization of mineral
particles is provided by IBIL. The visible or near infrared (NIR)
light emitted by buried particles is strongly absorbed by the
highly absorbent overlying material (bitumen or linen strip),
and only the light emitted by surface particles can be collected.

For eachmapped area (homogeneous zone ormineral dust), the
m-PIXE, m-IBIL and m-EBS spectra collected are the sums of the
spectra for each pixel on that area (see Table S2). Qualitative anal-
ysis of the mapped areas was carried out using AGLAEMap,37 an in-
house soware package that simultaneously displays and analyzes
all the data acquired during a single run (LE- and HE-PIXE, IBIL,
EBS). The principle behind the qualitative comparison of PIXE and
IBIL data using AGLAEMAP is described in Section S2.2 of the SI,
and an example of IBIL analysis is described in Fig. S4.

PIXE data were processed using the GUPIX soware,38 coupled
to the in-house TRAUPIXE soware for quantifying the chemical
elements that make up the bituminous matrix and those that
may indicate chemical contamination.37 All the PIXE spectra were
simulated taking into account 44 elements from Na to U. Anal-
yses of homogeneous zones and dust micro-grains were carried
out by toggling back and forth between GUPIX and the open
source PyMca soware.39 In all cases, sum spectra recorded from
the LE and HE detectors were combined in one unique PIXE
spectrum by using pivot elements, which are present in both
spectra in the range 3–10 keV.37 For the complex and composite
mummy fragments, whose chemical composition is inherently
difficult to analyze, we chose two pivot elements (Ca and Fe) for
more rigorous quantication. EBS data were simulated by the
SIMNRA soware.40 Once the experimental set-up is dened, the
target (sample plus the thin gaseous layer of helium/air) is
described as a succession of layers with, for each layer, its
thickness and the relative atomic concentration of elements.
Results and discussion
Light elements

As all the samples consist mainly of materials of biological
origin such as linen bers, organic embalming materials
Fig. 2 Experimental (grey noisy lines) and simulated (red lines) EBS spect
sample 2 (2a4 mapping); the different components of the simulations ar
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including bitumen and other possible biological compounds
(skin, feathers .), the elements C, N and O are expected to be
the most abundant. However, these light elements are not
accessible by PIXE while they are easily detected by elastic
backscattering of incident protons (EBS). Instead of resulting
from coulombic repulsion of protons by nuclei (Rutherford
Back Scattering, RBS), which predominates for heavy elements
(high nuclear charge), the elastic scattering by light elements
(low nuclear charge) is mainly due to nuclear reactions
following the penetration of the proton into the nucleus. The
corresponding non-Rutherford backscattering cross-sections of
C, N, O are approximately ten times higher than their Ruth-
erford counterpart. Fig. 2 shows a comparison of the sum m-EBS
spectra of selected area of solid bitumen (DS sample) and of
a sample covered with a thick layer of black matter (2a4
mapping). The m-EBS spectrum of pure bitumen (Fig. 2a) shows
that it contains almost exclusively C, with O and S in smaller
proportions. The narrow He and N peaks are due to the thin
gaseous layer of helium and air between the sample surface and
the proton beam exit window. The SIMNRA simulation, which
also took into account the presence of hydrogen, gives the
values C (73 wt%), H (12 wt%), O (6 wt%) and S (9 wt%). The
same EBS spectrum was obtained on BSM samples covered with
black matter, as shown in Fig. 2b for 2a4 mapping. This
resemblance with the EBS spectrum of pure bitumen is in good
agreement with the EPR and GC-MS analyses of the black
matter samples of the BSM mummy, which showed them to be
composed of pure bitumen.8,20 It can be noted that the oxygen
content of bitumen in the mummy is twice that of DS bitumen,
as shown by comparing the simulations of EBS spectra (Fig. 2).
The spectrum of 2a4 mapping also shows a very weak back-
scattered proton signal extending towards high energies,
beyond 2650 keV (dotted circle on the inset of Fig. 2b), whereas
this signal does not appear in the reference bitumen (DS). These
differences indicate the presence of heavier elements, that can
be explained if the bitumen of the mummy sample is partially
covered by ne mineral dust, mostly oxides (which partially
contribute to the increase of O/C) which also contain heavier
metallic elements (EBS signal extending to higher energies than
S threshold). These chemical elements are not transition
elements such as Fe, V and Ni, which are also fairly abundant in
ra of the BSMmummy; (a) pure Dead Sea bitumen, (b) the black layer of
e represented by colored lines.

This journal is © The Royal Society of Chemistry 2026
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bitumen, but more probably Hg and Pb whose presence will be
clearly demonstrated by the following PIXE analyses. The fact
that the carbon signal remains very intense shows that the
surface of the BSM sample is only partially covered with mineral
dust, otherwise this signal would decrease considerably in the
case of a completely covered surface.
Identication and sourcing of bitumen by V and Ni trace
elements

V and Ni enrichment in oil and bitumen, in the form of vanadyl
and nickel porphyrins, is a specic marker of these fossil
hydrocarbons.28,29 Recently, the Ni/V ratio has been used to
identify the Dead Sea region as the most likely source of the
bitumen present in the embalming materials of several
ensembles of human and animal mummies.16,41 When the
source of the bitumen is identied from the Ni/V ratio and
absolute V content, it is then possible to estimate the propor-
tion of bitumen present in the embalming materials.16 Fig. 3
shows two examples of experimental and simulated sum m-PIXE
spectra recorded on homogeneous areas of the two faces of
Fig. 3 (a) and (b) experimental (grey lines) and simulated (red points) sum
contents versus S contents, and (d) Ni contents versus V contents measur
and blue circles), and in birds, rams, crocodile and humanmummies of co
yellow squares.

This journal is © The Royal Society of Chemistry 2026
sample 2 of the BSMmummy, with indication of X-ray emission
peaks of chemical markers of bitumen (V, Ni, S), of mineral dust
particles (Al, Si, Ca, Fe), and of heavy elements (Hg, Pb) di-
scussed in the next sections. Two pivot elements (Ca and Fe)
were used for constructing the total PIXE spectrum from LE and
HE detectors. The other PIXE spectra and the corresponding
concentrations of several elements discussed in this work are
given in Fig. S5 and Tables S4–S8.

Information on the bitumen present in the BSM mummy
were deduced from the V, Ni and S contents measured from the
m-PIXE sum spectra recorded in homogeneous zones of the
samples. The fact that these three chemical elements are
excellent markers for bitumen is well illustrated by the PIXE
spectra of sample 2 (Fig. 3a, b and Table S4), which show almost
no V, Ni and S on the outer surface 2b displaying only clean
linen bers, and high levels of V, Ni and S on the inner surface
2a covered with a thick layer of black matter. As bitumen is
always more or less enriched in S, its quantity is roughly
proportional to the amount of bitumen probed by the proton
beam. Fig. 3c shows the variation in V + Ni content as a function
of S content for all mappings carried out on the three BSM
m-PIXE spectra of 2a4 and 2b2 mappings in the BSMmummy; (c) V + Ni
ed on homogeneous zones of samples in the BSMmummy (red, green
rpus A and B (light grey circles); data bor DS bitumen are represented by

J. Anal. At. Spectrom., 2026, 41, 385–403 | 389
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mummy samples (red, blue and green circles), and those
previously recorded from birds, rams, crocodile and human
mummies in corpus A and B (light grey circles).16 The dashed
red line is the one measured for bitumen originating from the
Dead Sea (DS). The nearly linear relationships between V + Ni
and S contents in almost all mummies (Fig. 3c) show that these
elements are components of the bitumen fraction of the
samples. Most of the data in corpus A and B are close to the DS
line, conrming that their embalming matters contain variable
amounts of DS bitumen.16 Some data points are far from this
line, but these samples are bird feathers, which contain notable
quantities of sulphur present in keratin. The experimental
points for the BSM mummy are clearly different from those of
mummies in corpus A and B, and are placed on a line with
a smaller slope than the DS line (dashed blue line), indicating
that the bitumen of the BSM mummy contains fewer metallic
elements and more sulphur than DS bitumen. Sample 1 of the
BSM mummy, which is a fragment of linen strip covered on
both sides with a layer of black matter, shows a peculiar
behavior (Fig. 3c). Its outer surface 1b (full red circles), which
contains a signicant quantity of V, Ni and S, is compatible with
a black matter composed exclusively of bitumen, as previously
shown by EPR and GC-MS.8 In contrast, the inner surface 1a
(open red circles), which has the same visual aspect as the outer
face, contains very little V, Ni and S, indicating that this thin
layer of black matter contains very little bitumen (Fig. 3c and d).
In particular, Fig. 3d highlights two interesting features. The
rst is that the data points 1a1 and 1a2 of the inner face of
sample 1 contain very little Ni and V with a ratio Ni/Vz 0.5–0.6
close to the ratio 0.3–0.5 measured for the DS bitumen of
mummies in corpus A and B.16 This black matter will be here-
aer referred to as black matter of type I (Fig. 3d). As the V
content of DS bitumen is about 900–1000 mg g−1, and that of the
1a surface is only 20–30 mg g−1, this indicates that the black
matter of type I contains only 2–3% of DS bitumen. The second
interesting feature is that all the 7 other experimental points for
the BSM mummy (1b, 2a, 3a mappings, colored circles) have
a much higher V and Ni content, with Ni/V z 0.85 to 1.3,
different from the values Ni/V z 0.3 to 0.5 measured for
mummies containing DS bitumen.16 As EPR and GC-MS anal-
yses have shown that the black matter in the BSM mummy is
mainly composed of pure bitumen,8 it is therefore a bitumen
with Ni/V close to 1, with the same amount of nickel than DS
bitumen, but with 2 to 3 times less vanadium. This pure
bitumen layer will be referred to as black matter of type II
(Fig. 3d).

It has been shown that Ni/V < 0.5 values are characteristic of
an anoxic marine origin of the source sediments of oil/bitumen,
while Ni/V in the range 1 # Ni/V # 10 is characteristic of
a lacustrine or terrestrial origin.26 Therefore, the source of
bitumen predominantly used for the BSM mummy (Type II) is
clearly not the Dead Sea. Two oil families are present in the Gulf
of Suez (Red Sea).42 Family 1, to which Dead Sea bitumen also
belongs, has a Ni/V lower than 0.5 and a S content much larger
than 1%, and was derived from sulphur and metal-rich kerogen
source rocks deposited in an anoxic hypersaline marine envi-
ronment. Family 2, to which bitumen from the oil leaks of the
390 | J. Anal. At. Spectrom., 2026, 41, 385–403
Gebel El Zeit region (southern Gulf of Suez) also belongs, has
a lower metal content and a higher Ni/V ratio, close to 0.9, and
derived from a mixed marine-continental origin.42 The bitumen
used for the BSM mummy (type II), with its Ni/V ratio between
0.9 and 1.3, is compatible with this family 2. In support of this
hypothesis, it has been shown by GC-MS that the bitumen used
for the mummy of Pasenhor (western Thebes) could have come
from natural oil leaks at Jebel El Zeit.22 However, such a source
is not assured for the BSM mummy, since family 2 is charac-
terized by a S content of less than 1%, whereas it can reach 12%
in the bitumen from the BSM mummy. There would therefore
appear to be an incompatibility between the high sulphur
content that characterizes source rocks of anoxic marine origin,
and the high Ni/V ratio and the low V content that characterizes
source rocks of continental or lacustrine origin. Given this
uncertainty about a local source (Egypt or Dead Sea) for the
bitumen of the BSM mummy, more distant sources can also be
considered, such as Mesopotamia. Indeed, bitumen found at an
archaeological site (Sakheri Sughir) near the ancient cities of Ur
and Eridu in today's southern Iraq, has a Ni, V contents and Ni/
V ratio identical to those measured for the BSM mummy.43 As
these sites are located near the Euphrates, the bitumen could
originate from the Hit region upstream, which was an impor-
tant source of bitumen in Mesopotamia in ancient times.23,44

However, although the high sulfur content of Hit bitumen (7 to
12 wt%) is compatible with that of BSM mummy, its Ni/V ratio
(0.2 to 0.3) is too low.45 Wemust therefore admit that the source
for the bitumen from the BSM mummy remains unknown.

In summary, the present m-PIXE analysis revealed that two
types of embalming matter would have been used for the BSM
mummy. A rst coating (type I), probably consisting of the same
type of mixture usually employed for embalming in Ancient
Egypt (resins, beeswax, etc.) with 2–3% of Dead Sea bitumen,
would have been applied at rst, but this very discrete coating is
scarcely present in the detached fragments of the mummy. The
mummy was then partially or totally covered with layers of pure
bitumen of unknown origin (type II). Although we do not have
any indication of the precise anatomic location of the samples
detached from the mummy's neck and head, a close look at
a photograph taken during the mummy's restoration in 2004
(Fig. S2) already seems to support these observations. It shows
the presence of smooth, shiny black material, in brittle patches
detached from the neck, and applied on top of matt, brownish
material. While the matt brown matter appears to cover the
entire face and neck of the deceased, the shiny black materials
applied above are clearly visible on the neck. It is also very
abundant on many other parts of the mummy.6,7

It remains to be investigated whether this upper shiny black
and chemically unaltered bitumen layer was due to an inter-
vention in the early 19th century, consisting of a partial or total
treatment of the mummy with fresh bitumen in order to
embellish/protect it. Attempting to determine when and where
this layer of pure bitumen was applied – during the mummi-
cation process in ancient Egypt, or in the early 19th century – is
the object of the following sections dealing with trapped
mineral dust particles.
This journal is © The Royal Society of Chemistry 2026
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Mineral particles from airborne dust

About 40% of the global aerosols in the troposphere are mineral
dust particles produced by wind erosion on arid surface, with
a major contribution from different sources in North Africa.46

With sizes ranges from about 0.1 mm to more than 20 mm, these
particles are composed of a variety of minerals among which
quartz, clays, feldspars, calcite, iron oxides, with relative
abundances depending on the source origin.46–48 Otherminerals
with amore local origin are those synthesized byman in ancient
Egypt, such as pigments. Fine particles of all these types of
minerals may be present in the ambient atmosphere of
mummication sites and may have been trapped in the strips
and mummy's coating. Therefore, their identication and
localization in the samples are likely to provide information
about the post-mortem mummy's history.

Regarding the m-PIXE/m-IBIL analysis, we may distinguish
two types of particles according to their size. The largest ones,
with size larger than the pixel size (about 25 mm) appear as spots
in m-PIXE and (or) m-IBIL mappings. The presence of particles
much smaller than the pixel size particles can only be deduced
from the sum m-PIXE spectra in mappings of apparently
homogeneous areas of samples. Concerning the depth of trap-
ping in the material (bitumen or linen strip) of a particular type
of mineral dust emitting both in PIXE and IBIL, we will
distinguish between particles trapped on the surface, charac-
terized by a detected luminescence and whose quantication of
light elements (Al, Si, .) is unaffected by attenuation effects,
and buried particles, whose optical luminescence is reabsorbed
by the overlying material and is not detected, and whose
quantication of light elements is progressively altered as depth
increases.36

Global mineralogical composition of trapped dust.
Aluminum is an ideal marker of mineral dust (MD) because it is
absent in biological matter (skin, fats, linen, resin, wax,.) and
in bitumen. As Al contributes to about 8% to the composition of
the continental crust,49 the weight% of mineral dust trapped by
the mummy samples can be roughly estimated by MD= Al/0.08.
Based on the average Al concentration measured on all the
mappings (Table S6), we can estimate that the BSM samples
contain about 6 wt% of mineral dust, with twice as much dust
on their inner sample surfaces a (MDa z 8 wt%) than their
outer surfaces b (MDb z 4 wt%).

Al and Ca contents mostly reect the presence of alumino-
silicates and carbonates dust trapped on the mummy. It
appears that contrary to Al which is more abundant on the inner
surfaces a, Ca is more abundant on the outer surfaces b (0.7 to
1.7 wt%) than on the inner surfaces a (0.3 to 0.7 wt%) of the
samples. This indicates that there is more aluminosilicates and
less calcium carbonates below the strips (i.e. facing the
mummy), and more calcium carbonates and fewer aluminosil-
icates above the strips (i.e. facing outwards). This asymmetry in
the dust distribution is well illustrated in Ca/Al and (Ca + Mg)/
Fe ratios (Fig. 4a), which both represent the relative contents of
carbonates and aluminosilicates, and have been used as
markers of airborne dust sources in North Africa.46,47 The Ca/Al
and (Ca + Mg)/Fe markers play the same role, as they are
This journal is © The Royal Society of Chemistry 2026
correlated for a given population of dust,47 but the latter would
be more inuenced by the variability of Fe content, which is
sensitive to anthropic contamination and possible traces of
blood in the case of mummies. A recent analysis of airborne
dust from Egypt and Tunisia suggested three types of sources,
based on Ca/Al ratio:47 (i) sand dunes (erg-like sources), with Ca/
Al < 2; (ii) saline playas (chotts-like sources), with Ca/Al > 6, and
(iii) limestone surfaces for the intermediate values 2 < Ca/Al < 6,
which may also correspond to a mixture of dust from erg-like
and chott-like sources. The broad dispersion of Ca/Al values
in the BSM mummy (Fig. 4a) suggests different sources and
episodes of dust input, which is not too much surprising owing
to the long post-mortem history of the mummy, and considering
also the preparation of the mummy took place over ∼70 days,50

whereas the residence time of airborne dust in the troposphere
does not exceed 10 days.51 However, we can observe that the
inner sample surfaces 1a and 3a have Ca/Al in the range 0.3 to
1.5, which correspond to an erg-like source of dust (Ca/Al < 2).
On the other hand, the outer sample surfaces 1b and 2b are
more dispersed and characterized by higher Ca/Al values 2 < Ca/
Al < 11, which correspond to those measured for dust origi-
nating from the calcareous plateau and saline basins of north-
western Egypt.47 Remarkably, the experimental points re-
ported in the Ca/Al versus (Ca + Mg)/Fe diagram (Fig. 4a) for the
BSM mummy match with the three types of dust sources
dened by Boraly et al.47 represented by colored areas in Fig. 4a,
except for the inner surface 3a. This anomaly of 3amappings is
not due to an excess of magnesium-rich minerals (dolomite,
olivine, magnesite), because their Mg content (200–600 mg g−1)
is lower than that of 1amappings (1000–1600 mg g−1) (Table S6).
It is rather due to a Fe decit in 3a compared to 1a, as shown on
Fig. 4b representing Ti versus Fe concentrations. Fe is sensitive
to anthropogenic contamination, while Ti is exclusively asso-
ciated with minerals of natural origin,46 with an average ratio Ti/
Fe = 0.1 for the continental crust (dashed line in Fig. 4b).49

Consequently, values Ti/Fe < 0.1 would correspond to an excess
of Fe, which may indicate a modern anthropic pollution of
trapped dust particles, while Ti/Fe > 0.1 indicates an excess of
Ti. Overall, the dust trapped on animal and human mummies
from corpus A and B (light grey circles in Fig. 4b) has Ti/Fe
values that globally agree with a continental crust origin.
Regarding the BSM mummy, all the mappings give Ti/Fe $ 0.1,
which rule out the presence of blood or any modern anthropic
Fe pollution of the samples. The “anomalous” mappings 3a
shows a lower Fe content than 1a, and has a Ti enrichment
factor EF z 3 with respect to the continental crust (EF = (Ti/
Fe)sample/(Ti/Fe)crust). EF is lower for mappings 1a (EF z 1.4)
and 1b (EF z 2), while 2b mappings exhibit a pure continental
crust composition (EF= 1). The excess of Ti with respect to Fe is
likely due to an enrichment in Ti-rich minerals, which is
a known characteristic of airborne dust from Sahara.52 There-
fore, an enrichment in Ti can be considered as another signa-
ture of an erg-like source. This is also the case of bird's
mummies 4, 11 and 12, which have the highest mineral
contents of corpus A and B, and also show a signicant Ti excess
(EF = 2, 1.7 and 2.7, respectively).
J. Anal. At. Spectrom., 2026, 41, 385–403 | 391



Fig. 4 Ca, Al, Si, Ti and Fe content of the mummies, measured on homogeneous zones of samples; (a) Ca/Al versus (Ca + Mg)/Fe for the BSM
mummy; the colored areas correspond to the three types of dust sources defined by Boraly et al.;47 (b) Ti content versus Fe content; the dashed
blue line corresponds to the continental crust composition; (c) Si contents versus Al contents for the BSMmummy, and for samples from corpus
A and B; (d) zoom of the lower left part of diagram (c); the straight lines correspond to theoretical variations for alkaline feldspars (red line) and for
minerals such as anorthite or kaolinite (green line); data for the BSM mummy are represented by colored circles, and data for corpus A et B are
represented by light grey circles; the yellow squares are data for DS bitumen.
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It is important to note that the diagram in Fig. 4a only makes
sense if the dust particles are located on the surface of the
samples. Indeed, the quantication of light elements, Al and Si
in particular, is strongly affected by the depth at which the dust
particles are located within the material.36 The Ca/Al ratio
increases sharply with depth, while the Ca/Fe ratio decreases
slightly (Table S3). We have seen that the Ca/Al and (Ca +Mg)/Fe
z Ca/Fe ratios for the 2b mappings correspond well to known
ratios for chott-like dusts (Fig. 4a), but this is only true if these
mineral particles are on the surface of the samples. Indeed, let
us suppose these particles are located, for instance, 30 mm
below the surface, in which case the measured values (Ca/Al)exp
= 8 to 10 and (Ca/Fe)exp z 0.8 to 1 would correspond to real
values (Ca/Al)real = 0.6 to 1, and (Ca/Fe)real z 14 to 23 for these
mineral particles, which does not correspond to any type of dust
in North Africa.46,47 As a consequence, the good correspondence
between the ratios measured for the BSM mummy and the dust
categories dened by Boraly et al.,47 indicates that the particles
392 | J. Anal. At. Spectrom., 2026, 41, 385–403
are trapped on the surface of the samples. This is also
demonstrated below in the case of aluminosilicates.

From this analysis, we can propose the hypothesis that
several dust events may have occurred during the post-mortem
history of the BSMmummy: (i) a rst dust event from an erg-like
source (Ca/Al < 2 and EF > 1) which occurred before application
of the bitumen coating and wrapping of the mummy (inner
faces a); (ii) other dust events dominated by chott-like sources (6
< Ca/Al < 11, EFz 1) and calcareous sources (2 < Ca/Al < 6) took
place aer the mummy was covered with its bandages (outer
faces b). In Egypt, the strongest winds, called Khamaseen, blow
from west to east and are more frequent in spring (March to
May). They carry huge clouds of Saharan dust over great
distances, and are characterized by Ca/Al < 2 and EF > 1.47,52 On
the contrary, Ca/Al ratios of aerosols are found to be larger and
more variable during moderate dust events, which occur with
the regular winds blowing most of the year in Egypt from the
north-west to the north-east.47 In this case, the dust has
This journal is © The Royal Society of Chemistry 2026
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a regional origin and comes from the erosion of soils in the
West Nile desert, whose geology is dominated by limestones
plateaus dating from the Eocene to the Miocene,53 but also
includes depressions (Qattara, Siwa, Fayum, Farafra .), whose
bottoms are covered with a mixture of salts and sands,
responsible for the highest Ca/Al values.

In this model, mummication would have taken place in
spring, during which an episode of Khamaseen would have
deposited Saharan dust on the mummy before the application
of the bitumen and the wrapping. At least another dust input,
richer in carbonates (calcite) and salts (gypsum), would have
occurred aer the bandaging of the mummy, either at the end
of the mummy's preparation and before its burial, or aer its
exhumation in the 19th century. It is not easy to decide between
these two options. However, Ca/Al < 2 values are characteristic
of aerosols in southern Egypt and Sudan, while higher values
are found in northern Egypt.46 In this case, the Khamaseen
episode would have taken place during mummication in the
Thebes region, where the mummy is supposed to have come
from, while the second dust episode would have taken place in
northern Egypt at the beginning of the 19th century, i.e. aer
the coffins had been excavated and opened, and the mummy
prepared for shipment to France.

Interestingly, the fact that abundant Saharan dust could
have settled on the body during its mummication indicates
that the embalming workshop was probably ventilated (open
temporary building or tent), which is understandable given the
need to evacuate gases emitted by the putrefying body.54

Nature and localization of aluminosilicate dust. The Si and
Al elements closely reect the presence of silicate and alumi-
nosilicate dust trapped on the mummy, since these chemical
elements are very seldom found in bitumen (Fig. 4d and Table
S5) and in biological matter. Aer oxygen, Si and Al are the most
abundant elements in the continental crust, with a mean value
Si/Al z 3.4. For this reason, Si and Al are very abundant in dust
and sediments from northern Africa, with Si/Al ratio in the
range 2.5 to 7 depending on the abundance of quartz SiO2.46 The
apparent Si and Al contents measured on homogeneous areas of
samples from the BSM mummy and the mummies of corpus A
(birds) and B (rams, crocodile, human) are given in Fig. 4c, with
Fig. 4d being a zoom for the low content part of the diagram.
The corresponding values are reported in Table S6. The red and
green lines represent boundary atomic ratios Si/Al = 3 and Si/Al
= 1, corresponding to mass ratios 3.12 and 1.04, respectively.
Feldspars are the most abundant minerals of the continental
crust (about 60%). They form a solid solution between a calcic
pole (anorthite CaAl2Si2O8), corresponding to Si/Al = 1, and
a sodic pole (albite NaAlSi3O8) with Si/Al = 3, constituting the
plagioclase series, and another series between albite and the
potassic pole (orthoclase, microcline and sanidine KAlSi3O8)
constituting the alkali feldspar series with Si/Al = 3. However, it
must be noted that an atomic ratio Si/Al = 3 is not exclusive to
alkali feldspars, and is also found in other common granite
minerals such as biotite K(Mg,Fe)3(OH, F)2(Si3AlO10) (black
mica) for example. Similarly, an atomic ratio Si/Al = 1 is found
in phyllosilicates present in aerosols, such as kaolinite Al2Si2-
O5(OH)4, a mineral derived from the alteration of feldspars, or
This journal is © The Royal Society of Chemistry 2026
also muscovite KAl2(AlSi3O10)(OH,F)2, a white mica commonly
found in granites and metamorphic rocks. So, the Si/Al ratio
alone is not enough to identify the nature of aluminosilicate
particles, and also because an apparent Si/Al = 3 ratio can just
as easily correspond to a grain of alkali feldspar (Si/Al = 3)
trapped on the surface, as to a grain of kaolinite (Si/Al = 1)
trapped at a depth of 30 mm in the bitumen (Table S3). Hence
the need to identify the nature of the mineral dust in order to
assess its trapping depth.

Three preliminary observations can be made from the
apparent Si/Al ratios reported in Fig. 4c and d: (i) the vast
majority of studied mummy samples, whether human or
animal, are characterized by 1< Si/Al# 3, indicating that quartz
SiO2 is only a very minor component of trapped dust; (ii) with
the notable exception of the mappings 3a from the BSM
mummy, with Si/Al z 1.7–1.8 (3a mappings are also particular
in Ca/Al versus (Ca + Mg)/Fe diagrams, see Fig. 4a), all the
samples from this mummy and the bird mummies (corpus A)
have Si/Al ratios very close to 3, indicating the predominance of
a specic type of aluminosilicate dust at a specic depth, in all
these samples; (iii) The high aluminosilicate content of inner
surfaces 3a2 and 1a2, and to a lesser extent 1a1, 3a1 and 3a3, are
in good agreement with their low Ca/Al < 2 ratio, which clas-
sies them as erg-like dust.

We can go further in the identication and localization of
these abundant aluminosilicate dusts by examining their m-IBIL
spectra. These take the form of weakly emitting spots in the far
red-NIR around 750–770 nm. Fig. 5a and b show two examples
of luminescent particles observed in m-IBIL mappings 1b4 and
1b5. Fig. 5d shows a similar spectrum recorded on an m-IBIL
mapping from a bird mummy (bird of prey) found in Giza
(sample 8 of corpus A, see SI Section S1.2). This red-NIR emis-
sion around 750–770 nm is generally accompanied by a weaker
green emission centred around 560–580 nm (Fig. 5). These two
emission bands are attributed to FeIII (750–770 nm) and MnII

(560–580 nm) impurities in feldspar particles. Indeed, natural
feldspars always contain atomic defects, including FeIII impu-
rities that substitute Al3+ in [AlO4]

5− units (Fig. S6c), which are
responsible for the red luminescence of these minerals.55–58

Feldspars can also exhibit other emission bands, such as
a green band around 540–570 nm due to MnII impurities at the
Ca2+ site, and a blue band around 420–500 nm attributed to
intrinsic defects.59 Both FeIII and MnII have a d5 electronic
conguration, with their emissions being the 4T1 / 6A1 spin
forbidden transition in the weak crystal eld regime (high-spin
conguration) (see Fig. S6d). Several studies showed that FeIII

luminescence in feldspars varies in the range 690 nm to 770 nm,
depending on the mineral composition.58,60–62 Thus, the lumi-
nescence can provide additional information on the nature of
the feldspars trapped on the mummy. The strength of the
crystal eld, which controls the energy of the optical transition,
depends on the length of the Fe–O bond. The shorter the bond,
the stronger the crystal eld, and the lower the energy E of the
emitted photons, and therefore the longer their wavelength (see
Fig. S6d). The FeIII luminescence wavelength is maximum for
albite (around 750–770 nm) and decreases to z 690 nm as the
potassium content increases (alkali feldspar series) or as the
J. Anal. At. Spectrom., 2026, 41, 385–403 | 393



Fig. 5 Luminescence of albite microparticles; (a) and (b) m-IBIL spectra and m-IBIL mappings at ∼770 nm and ∼560–580 nm of 1b4 and 1b5
surfaces; (c) Si and Al contents of luminescent spots of sample 1 (red circles), sample 2 (green circles) and sample 3 (blue circles) of the BSM
mummy; open circles and full circles correspond to the inner and outer faces, respectively; (d) m-IBIL spectrum and m-IBIL mappings at∼770 nm
and∼560–580 nmof a bird of prey fromGiza (sample 8 of corpus A); the very narrow peaks in the 400 nm region correspond to atomic emission
lines of helium.
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calcium content increases (plagioclase series).62 In the case of
the mummies we analysed, the emission band around 750–
770 nm corresponds to that of albite. As this mineral may
contain up to 10% of Ca, MnII impurities may localize at Ca2+

sites, giving the weak green emission observed at around 560–
580 nm.63

All these luminescent aluminosilicates are necessarily
located on the surface of the samples, or at very small depth,
otherwise the light emitted would be reabsorbed by the over-
lying opaque material. The attribution of these luminescent
grains to albite is conrmed by their Si and Al composition
measured by m-PIXE (Fig. 5c and Table S7), with Si/Al z 3.12
mass ratio perfectly matching that of alkali feldspars. This is
particularly true for all the particles trapped on both sides of
sample 1 (red circles), and for some of the particles in sample 2
(green circles). The particles trapped on sample 3 (blue circles)
and part of those on sample 2, although showing the charac-
teristic albite luminescence at 750–770 nm, have a lower Si/Al
ratio than albite. These dust particles could therefore be an
association of luminescent albite and non-luminescent, more
aluminous mineral such as kaolinite Al2Si2O5(OH)4, giving an
average ratio 3 > Si/Al > 1. Indeed, kaolinite is an alteration
product of albite by the action of water in hot and humid
climate, and is easily formed on the surface of albite.64 Impor-
tantly, the fact that the same Si/Al = 3.12 ratio is measured for
luminescent surface particles (Fig. 5c) and for non-luminescent
394 | J. Anal. At. Spectrom., 2026, 41, 385–403
aluminosilicates detected on homogeneous zones (Fig. 4c and
d) is a further indication that all mineral dust is trapped on the
sample surface.

As these alkali feldspar particles, associated or not with
kaolinite, are trapped on both sides of the fragments, i.e. at the
internal surface of the bitumen layers and the external surface
of the linen strips, it is a clear indication that they were trapped
during preparation of the mummy. Indeed, if these particles
had been trapped aer the mummy's excavation at the begin-
ning of the 19th century, or even later, the dust would have been
located only on the outer surfaces of the samples, which is not
the case since aluminosilicate dust is more abundant on the
inner surfaces. Also, the fact that these particles are also found
on the internal surface of the bitumen coating of themummy, is
a rst indication that this bitumen was applied to the mummy
during its preparation in Ancient Egypt, and therefore it is not
the result of an intervention in the rst third of the 19th
century.

Nature and localization of carbonate dust. Calcite CaCO3 is
also one of the most ubiquitous minerals in the continental
crust. It is the main constituent of limestones, and is very
present in Egypt, where the Nile Valley is surrounded by a vast
limestone plateau.53,65 Images of calcite microparticles are not
easy to detect in m-PIXE mappings, as Ca is a ubiquitous
element in the BSM mummy. However, in addition to the red-
NIR luminescence of FeIII from alkali feldspar particles, m-IBIL
This journal is © The Royal Society of Chemistry 2026
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spots are also abundant in the range 550 nm to 650 nm
revealing the presence of carbonates particles (Fig. 6 and S7).
Their Ca sites can host MnII and FeII/FeIII impurities, which
strongly inuence the optical properties of these minerals.
Contrary to feldspars, FeIII is not luminescent in carbonates,
and the presence of the 4T1/

6A1 emission of MnII in carbon-
ates is highly dependent on the redox state of Fe, because FeII is
a luminescence “killer”.63 So only carbonate particles whose Fe
impurities are in the FeIII state can show MnII luminescence.
The position of theMnII emission band in carbonates is variable
and depends on the strength of the crystal eld, which in turn
depends on both the coordination number (CN) of MnII and the
length of the Mn–O bond (Fig. S6f). A variety of MnII lumines-
cence have been reported in the literature: (i) green emission
(approx. 580 nm) in aragonite (orthorhombic CaCO3); (ii) yellow
emission (approx. 620 nm) in calcite (trigonal CaCO3); (iii) red
emission (approx. 655 nm) in magnesite (trigonal MgCO3); (iv)
orange-red emission in dolomite (Ca/MgCO3), due to the
superposition of two bands around 575 nm (MnII at Ca site) and
655 nm (MnII at Mg site). Depending on the relative intensity of
these two components, this results in a broad band with a single
maximum intermediate between the two extreme values, or
a band of composite appearance.66

Samples taken from the BSM mummy and from the bird
mummies (corpus A) show several types of IBIL emissions
Fig. 6 Examples of m-IBIL spectra and images of calcium carbonate mic
the BSM mummy; (b) attribution of transitions due to lanthanide impurit
400 nm region correspond to atomic emission lines of helium; (c) zoom
black matter covering a feather of a bird of prey from Giza (sample 4 of c
spectrum have been smoothed with a moving average (30 points); (d) p
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attributable to carbonate particles. Fig. 6a shows two types of
such particles in mappings 2b1 and 2b3 (outer strip surface),
which have the higher Ca/Al ratio (Fig. 4a). The broad MnII

emission band around 571 nm emitted in the bottom right of the
2b1 mapping can be due to a relatively large particle of dolomite.
A different emission band around 640 nm in the 2b3 mapping is
also attributable to MnII emission from three calcite particles
labelled a, b and c in Fig. 6a. This luminescence band is narrower
and more complex than the one in 2b1 mapping, as it shows
several narrow and very weak emission lines superimposed to the
MnII emission (Fig. 6b). These narrow lines are characteristic of
lanthanide Ln3+ impurities in Ca2+ sites of the carbonate. Even
though Ln3+ concentrations are very low and below the detection
limit by PIXE, their very narrow optical emissions (zero–phonon
transitions) make them easily detectable. Their attribution to
specic lanthanide elements can be made using Dieke's
diagram,67 (Fig. 6d) and by comparing the IBIL spectrum of 2b3
mapping with that of sample 4 of corpus A, taken from a bird of
prey found at Giza, where Ln3+ emissions are more intense
(Fig. 6c and S7b). It was thus possible to identify the presence of
dysprosium Dy3+, samarium Sm3+ and neodymium Nd3+ in
calcite of the bird of prey, and Sm3+, Nd3+ and ytterbium Yb3+

ions in particles of the 2b3 mapping of the BSM mummy.
It is interesting to note that the three particles present in 2b3

mapping do not seem to have the same Ln3+ content, as shown by
roparticles trapped by mummies; (a) m-IBIL of 2b1 and 2b3 mappings of
ies in the Ca2+ site of calcite in 2b3 mapping; the narrow peaks in the
of the m-IBIL spectrum of a calcium carbonate particle trapped in the
orpus A), showing many optical transitions of Ln3+ impurities; this IBIL
artial Dieke's diagram for Nd3+, Sm3+, Dy3+ and Yb3+.
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the m-IBIL images recorded in ve wavelength ranges, denoted 1 to
5 in Fig. 6a. It appears that Nd3+ is present in the three particles,
Yb3+ is present only in particles a and b, and Sm3+ dominates in
particles a and c. The IBIL emissions of these three particles
present an additional complexity. Indeed, MnII luminescence,
which is intense at the maximum of the band (∼640 nm), gives an
image only for particle a, whereas particles b and c show no MnII

emission. This surprising feature could be tentatively explained by
the redox state of Fe impurities, recalling that FeII is a killer of MnII

luminescence. The presence of FeII impurities in particles b and c
could explain their absence of MnII luminescence, while Fe
impurities are mostly in FeIII state in particle a.

In summary, m-IBIL spectroscopy and mapping show the
variety of trace element compositions of the calcium carbonate
particles trapped by the mummy, reecting the variety of lime-
stones formations in the geology of North east Africa.53,65 More-
over, we observed that these carbonate particles are more
abundant in the strip (in particular the outer face 2b of sample 2),
while aluminosilicates are more abundant on surfaces covered
with bitumen. This agrees with the hypothesis, based on Ca/Al
ratio, that the mummy suffered from (at least) two dust events
during its post-mortem history: the rst one during mummica-
tion but before the application of the bitumen and the strips,
with more aluminosilicates and fewer carbonates, and the other
ones with more carbonates, that may have occurred aer exca-
vation of the mummy.

Mineral dust from man-made materials

In addition to airborne dust particles originating from soil
erosion, the body of the deceased may have trapped particles of
man-made materials present in the mummication environ-
ment. Among transition metal elements identied at trace level
Fig. 7 m-IBIL and m-PIXE mappings performed on a 500× 500 mm2 area
photograph of the outer surface of the sample, themapped area is repres
luminescent spots, 3 of which being intense, with the m-IBIL spectrum of t
Cu, and portion of the m-PIXE spectrum (theoretical spectrum in red) c
position of a spot of very low intensity, but visible to the naked eye; (d) IB
laboratory; IBIL spectra have been smoothed with a moving average (30
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in the BSMmummy, Cu is present in the range 3–40 mg g−1 in all
themappings, with or without bitumen (Table S5). Contrary to V
and Ni, which are homogeneously distributed in the bitumen,
Cu is present in m-PIXE mappings only in the form of small
spots, either in bitumen or in linen strips, indicating the pres-
ence of Cu-rich particles. They were observed also in several
mummies in corpus A (birds) and corpus B (rams, crocodile and
human). Two examples are shown in Fig. S8. Contrary to V and
Ni elements, Cu is nearly absent from pure Dead Sea bitumen
(<3 mg g−1 in DS sample, Table S5 and Fig. S8), which was the
source of bitumen for the mummies in corpus A and B.16 This
ubiquitous presence of Cu-rich spots in these mummies indi-
cates that they are due to trapped mineral dust particles that
were present in ambient atmosphere of the mummication site.
It is difficult to determine the nature of these particles in the
absence of other characteristic chemical elements. However,
a number of them show a near infrared (NIR) IBIL emission
centered at 900–910 nm. A good example of such NIR m-IBIL
mapping associated to Cu is shown for particles trapped on the
surface 2b of a linen strip fragment (Fig. 7). It shows the pres-
ence of at least three NIR spots with emission peaking around
900 nm (Fig. 7b), corresponding to Cu spots in m-PIXE mapping
(Fig. 7c). This optical luminescence is intense compared to the
X-ray emissions, to such an extent that when the NIR emission
is weaker, the X-ray emission becomes barely detectable. This is
the case for the particle near the center of the mapping in Fig. 7,
where the X-ray emission of Cu, marked by the white arrow, is
barely visible compared to its NIR emission.

This strong NIR emission is typical of “Egyptian Blue” (EB),
an articial pigment used in Egypt since the 4th millennium BC
and composed mainly of cuprorivaite CaCuSi4O10.68 While there
are many materials in which copper is luminescent in the CuI
of the external surface 2b of a strip fragment from the BSMmummy; (a)
ented by a yellow square; (b) m-IBIL mapping around 900 nm showing 4
hemost intense spot; (c) m-PIXEmapping of the Ka and Kb transitions of
orresponding to the most intense spot. The white arrow indicates the
IL spectrum of a sample of cuprorivaite CaCuSi4O10 synthesized in the
points).

This journal is © The Royal Society of Chemistry 2026
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state (3d8 conguration), there are very few in which it is the CuII

ion (3d7 conguration) that is luminescent.69 Among the
exceptions are certain minerals of the gillespite group
(BaFeSi4O10) with the composition MCuSi4O10, with M = Ca2+

(cuprorivaite, the main component of EB), M = Ba2+ (effenber-
gite, the “Chinese blue”), and M = Sr2+ (wesselsite). These
minerals are rare in nature, but EB is a synthetic pigment that
was ubiquitous in ancient Egypt. The structure of cuprorivaite
and the origin of its NIR emission are described in Fig. S6a and
b. Proof that these luminescent particles are indeed due to EB is
provided by the fact that exactly the same IBIL spectrum was
obtained with a cuprorivaite sample synthesized in our labo-
ratory (Fig. 7d).70

The EB particles shown in Fig. 7 were trapped in linen bers
of the strip. However, EB was also observed in the bitumen
covering the mummy, albeit less clearly (Fig. S9a and b),
showing that these particles were deposited during the prepa-
ration of themummy. The situation is not always as simple as in
Fig. 7, because on the one hand, the NIR band of the particles in
Fig. S9a and b is broad and rather centered around 920–960 nm,
indicating that they are probably the superposition of several
emission bands in the same wavelength range. On the other
hand, many of these Cu-rich particles do not exhibit NIR
luminescence, even when they are close to other luminescent
EB particles (compare Fig. 7, S9c and d). This absence of NIR
luminescence in some Cu-rich particles can be explained by the
fact that they are buried beneath the surface of the material,
close enough to the surface for Cu–K photons to escape, but
deep enough for the NIR emission to be absorbed by the over-
lying matter. Another possible reason for the absence of lumi-
nescence in certain Cu-rich particles could be that they
originate from contamination from the bronze tools used to
prepare the mummy (see Section S4.3 for more details).

The fact that EB dust, a material synthesized by the ancient
Egyptians, is also found with other airborne mineral particles in
some bird mummies (Fig. S4), whose ages and burial sites are
known, is another argument in favor of the antiquity of the
application of the pure bitumen layer on the BSM mummy. The
presence of trapped EB particles would not be expected in the
early 19th century. Indeed, EB was widely used throughout
Egyptian antiquity and remained the only blue pigment during
Roman antiquity.68 Its production then declined and ceased
rather abruptly at the end of the Western Roman Empire and
during the Early Middle Ages (5th–7th centuries). EB was used
only very occasionally from the 8th to the 16th century, without
it being known whether it was manufactured, imported or
recovered from ancient Roman objects or ruins. Knowledge of
EB then disappeared completely for almost 300 years, until
chemists took a new interest in the 19th century and gured out
how to synthesize it. However, even in the last quarter of the
19th century, the exact structure and composition of EB was still
unknown, and chemists did not know how to reproduce it.71

The synthesis of EB was really mastered in the beginning of the
20th century,72 and it was not until the 1950s that a denitive
link was established between EB and the rare but naturally
occurring mineral cuprorivaite CaCuSi4O10.73
This journal is © The Royal Society of Chemistry 2026
Consequently, the presence of EB in bitumen and strips of
the BSM mummy indicates that it has not been polluted by EB
dust in the early 19th century, as this material was virtually
forgotten at the time. Instead, it appears far more likely that
these EB particles were deposited on the mummy during its
preparation in a place and time where EB was ubiquitous. This
conrms once again that the layer of bitumen has not been
applied in the early 19th century to restore the mummy to make
it more attractive, as was initially suspected.8 All these results on
trapped dust provide strong arguments in favor of the antiquity
of the application of the pure bitumen of unknown origin on the
BSM mummy.
The case of Hg and Pb impurities

Mercury (Hg), lead (Pb) and arsenic (As) are oen associated
with the most persistent forms of pesticides used to preserve
museum collections,74,75 and these elements are also present in
modern anthropogenic pollution (gasoline-powered vehicles
before 1990, industry, agriculture, .). Arsenic is virtually
absent from all m-PIXE mappings of the BSMmummy, as well as
the mummies in corpus A and B (Table S8). In contrast, we
observed the omnipresence of Hg in m-PIXE spectra, with vari-
able concentrations in the range 34 to 2100 mg g−1 (Table S8).
This contamination is clearly visible in the m-PIXE spectra in
Fig. 3, where Hg is identiable by its X-ray lines (La: 10 keV, Lb:
11.8 keV and Lg: 13.8 keV), which are particularly visible on the
inner face 2a covered with a thick layer of bitumen (Fig. 3a). Hg
is also present in the outer face 2b, made up of clean linen bers
with very little bitumen in some places, in association with Pb
(La: 10.5 keV, Lb: 12.6 keV and Lg: 14.8 keV) (Fig. 3b). Their
quantication reveals that Hg and Pb do not have the same
origin and localization, as shown in Fig. 8a, which represents
Hg against Pb concentrations in all the surfaces scanned by the
proton beam. Hg contamination is larger (600 to 2100 mg g−1),
and Pb concentration is lower (10 to 40 mg g−1) on surfaces
covered with a thick layer of bitumen (2a and 3a). In contrast,
Hg concentration is lower (<160 mg g−1) and Pb concentration
higher (60 to 180 mg g−1) when the surfaces being probed are
made up of clean linen bers (2b) or linen strips more or less
impregnated with a thin layer of black matter (1a and 1b). These
results suggest that Pb impurities are mainly located in the
strips, while Hg impurities are located both in the black matter
and in the strips.

Pure bitumen does not show any Hg and Pb contamination
(yellow square in Fig. 8a). Hg is also absent in all the other
mummies analyzed in this work (corpus A and B), while Pb is
found at trace levels in all these mummies (Table S8). The
presence of mercury is therefore specic to the BSM mummy
alone. A clue to the origin of this Hg contamination is provided
by the 2a0

4 and 2b2 m-PIXE mappings (Fig. 8b and 9). 2a0
4

mapping is the same as 2a4, but with a larger surface area (1000
× 1000 mm2). It shows a local over-concentration of Hg with no
clear contour at the top le of the scanned surface, with a cor-
responding diffuse over-concentration of Cl (Ka: 2.62 keV and
Kb: 2.81 keV). The contrast is less clear-cut for Cl than for Hg, as
Cl is omnipresent in the mummy samples, as well as in the
J. Anal. At. Spectrom., 2026, 41, 385–403 | 397



Fig. 8 Hg, Pb and Br contentsmeasured on homogeneous zone of samples of the BSMmummy; (a) Hg versus Pb; (b) m-PIXE images of Hg and Cl
in 2a0

4 mapping; (c) Hg versus Br; (d) Pb versus S.
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reference bitumen (Table S8). The size of this Hg-rich spot is
approximately 500 × 500 mm2. This result strongly suggest the
presence of HgCl2, a highly toxic compound that has been used
in museums in the 19th and early 20th centuries to protect
Fig. 9 m-PIXE image of Hg, Pb, Fe and Ti in 2b2 mapping. The black
arrow indicates the presence of Hg on the PbS particle. White arrows
indicate the presence of grains with both Fe and Ti.
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objects made of organic materials such as wood, paper and
textiles against fungi and insect infestation.74,76

The highest Hg contents are found on the inner faces 2a
(which contain the HgCl2 grain) and 3a (Fig. 8a). Surprisingly,
the three 3a mappings show a linear correlation between Hg
and Br rather than Cl (Fig. 8c and Table S8), which might
suggest that the mummy was also treated with HgBr2, another
highly toxic mercury salt. However, HgBr2 has been much less
used than HgCl2 for disinfecting and protecting organic objects
in natural history collections.74 It is important to note that the
HgCl2 grain shown in the 2a0

4 mapping does not contain Br
(Fig. 8b and c). We must therefore admit that the BSM mummy
underwent at least two different protective treatments, one with
HgCl2 and the other with HgBr2. These mercury salts are very
stable and have low volatility, so that they persist on treated
objects for decades or even over a century or more.74,77,78

The fact that the highest Hg contents are found on inner
surfaces covered by a thick layer of bitumen indicates that these
biocide compounds have been more strongly and persistently
xed in the bitumen coating than in linen bers. It also shows
that the inner surfaces of the samples (facing the mummy) were
accessible when the Hg treatment was performed, implying that
the strips were already partially removed, like the actual
This journal is © The Royal Society of Chemistry 2026
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mummy exposed in the museum. The Hg treatment therefore
took place aer the mummy had been acquired and displayed.
There is no indication of treatment of the mummy with mercury
salts in the archives of the Musée de Boulogne-sur-Mer. As the
BSMmummy spent some time at theMusée de l’Homme in Paris,
in 1932–1934,79 it seems possible that undocumented treat-
ments with mercury were carried out during its stay at this
museum. Also, it cannot be ruled out that these treatments were
carried out before 1837, when the mummy was in the posses-
sion of a private Parisian collector. While HgCl2 is mentioned in
the literature for the treatment of mummies,54 no work to our
knowledge mentions the use of HgBr2 for such a purpose. If this
result is conrmed, the BSM mummy would be an exception.
Fig. 10 An attempt to reconstruct the post-mortem history of the BS
markers; (b) schematic representation of the succession of events.

This journal is © The Royal Society of Chemistry 2026
Pb is present at trace level in all the studied mummies (Table
S8), suggesting that this element is present as impurities in
mineral dust trapped by mummies. In the BSM mummy, Pb is
present in much lower concentrations than Hg, and do not
exceed 180 mg g−1. An indication of the location of Pb impurities
can be deduced from the diagram representing the Pb content
versus the S content, the latter giving information on the
quantity of bitumen probed by the proton beam (Fig. 8d). This
diagram indicates that Pb concentrations are very low on
surfaces covered with a thick layer of bitumen (2a and 3a) and
higher on surfaces with only clean linen bers (2b) or a very thin
layer of organic matter covering linen, allowing protons to pass
through (1a). This is conrmed by the external face 1b, which
M mummy using trace elements; (a) the different PIXE, IBIL and EPR
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has varying thicknesses of bitumen, with thick drips in places
(Fig. 1b). It is clear that the Pb content decreases as the thick-
ness of the bitumen (i.e. the amount of S) through which the
proton beam is passing increases.

The difference of situation of Hg and Pb impurities is well
illustrated in the case of 2b2 m-PIXEmapping (Fig. 9), showing that
Pb is concentrated in one single particle while Hg is more
homogeneously distributed on the surface, reecting the mum-
my's treatment with HgCl2. To establish the nature of the Pb-rich
grain, a 16-pixel square ROI of this grain was analyzed. Pb was
quantied from itsM line (2.35 keV), closer in energy to the Kb line
of S (2.46 keV) rather than its Lb line (12.6 keV), in order to probe
the same sample volume. It was therefore possible to obtain
a rough estimate of themass ratio Pb/Sz 8.78, which corresponds
to an atomic ratio Pb/S z 1.35. Although subject to important
uncertainty, this ratio is compatible with the presence of a PbS
particle trapped by linen bers. PbS was a material central to the
daily lives of the Egyptians, for example for women's and men's
make-up (kohl), but also to make-up mummies or their funerary
masks. The grain in Fig. 9 may come from an accidental fall of
a PbS particle from themake-up of a priest preparing themummy,
or from the mummy's inner coffin. An argument in favor of the
anteriority of the PbS grain to the HgCl2 treatment is the presence
of an excess of Hg superimposed to this PbS grain (black arrow in
Fig. 9), whereas one would expect a deciency of Hg if the HgCl2
treatment had preceded the capture of this grain.
Other minerals

The 2b2 m-PIXE mapping in Fig. 9 gives also an idea of the speci-
ation of Fe and Ti elements in dust trapped in strips of the BSM
mummy. The Ti/Fe = 0.1 average ratio of this mapping corre-
sponds exactly to that of the continental crust (Fig. 4b). Three
different types of particles can be distinguished: those containing
only Ti which correspond to TiO2 particles, those containing only
Fe which correspond to Fe oxides, and those containing both Fe
and Ti in similar quantities (marked with white arrows). The latter
may correspond to ilmenite FeTiO3, a magmatic rock mineral
found in abundance in the black sands along the coast of the Nile
delta. These black sands contain ilmenite (FeTiO3), magnetite
(Fe3O4), garnet (X

2+
3Y

3+
2(SiO4)3), zircon (ZrSiO4), rutile (TiO2) and

monazite (Ln,Th(PO4)) in decreasing order of abundance.80 The
presence of ferromagnetic Fe3O4 microparticles in samples of the
BSM mummy was already demonstrated by EPR spectroscopy.8

Although we did not detect zircon in 2b2 mapping (Zr content is
below the LOD of 12 mg g−1), the presence of garnet is possible
given that this mapping contains 4500 mg g−1 of Si. The presence
of monazite is also possible given that 2b2 mapping contains 965
mg g−1 of P. Quantication of Th (Ma line: 3.0 keV) and U (Ma line:
3.17 keV), two elements present as impurities in monazite and
zircon, gives 546 ± 12 mg g−1 (LOD= 60 mg g−1) for Th, and 295 ±

21 mg g−1 (LOD= 124 mg g−1) for U. Although these concentrations
must be considered with extreme caution, it should be noted that
the black sands of the Nile Delta are known to be radioactive,
because of their high Uranium and Thorium content.81

This FeTiO3, Fe3O4, TiO2 (and possibly monazite) mineral
association characteristic of black sands, along with the
400 | J. Anal. At. Spectrom., 2026, 41, 385–403
presence of chott-like dust with high Ca/Al ratio (Fig. 4a) on the
surface of strips, are indications that the mummy most prob-
ably stayed in northern Egypt before leaving for Europe at the
beginning of the 19th century. Interestingly, these black sands
constitute major deposits along the coasts of Damietta and
Rosetta,80 which saw the passage of Napoleon Bonaparte's army
and the scientists who accompanied him on the Egyptian
expedition of 1798–1799. If the BSM mummy and its coffins
were brought back on this expedition (which has not been
proven), as written on the coffin, then this mummy may well
have felt the sea wind carrying this black dust.
Conclusion

The combination of ion-beam techniques (m-PIXE-EBS and m-
PIXE-IBIL) is a promising methodology for studying the prove-
nance and manufacturing of inorganic materials in cultural
heritage.82–84 To our knowledge, the combination of PIXE-EBS-
IBIL has never been used before for the analysis, in a forensic
approach, of complex bioorganic systems such as mummies. In
this work, fragments detached from the neck and head of the
Egyptian mummy of an unknown man, conserved at the Musée
de Boulogne-sur-Mer (BSM), and samples from 14 other Egyptian
mummies (birds, rams, crocodile, human) have been analyzed
non-destructively at the nuclear microprobe AGLAE facility. The
original character of the BSM mummy is that it was partially
covered with a pure bitumen layer showing no trace of chemical
degradation, as recently shown by EPR and GC-MS analyses.8 As
this mummy was acquired by the museum in 1837 from
a private collector, it has been suspected that this pure bitumen
coating came from an early restoration to improve the sale of
the coffin/mummy ensemble, a common practice in the 19th
century. In order to trace the post-mortem history of the
mummy, we used m-PIXE and m-IBIL of trace elements present
in the bitumen and airborne micro-dust captured by the strips
and the bitumen. This combined analysis has led to several
conclusions and hypotheses on the mummy's post-mortem
history, summarized on Fig. 10:

(i) Quantication of the trace elements V and Ni in the
bitumen layer covering the BSMmummy showed that its source
was not the Dead Sea, – the most frequent source of bitumen in
ancient Egypt, and also the source of bitumen of the other
mummies analyzed in this work. In addition to this pure
bitumen coating of unknown origin, traces of black matter
containing 2–3% of Dead Sea bitumen were also detected below
the strips.

(ii) Microparticles of Egyptian blue (EB) pigment, identied
by the presence of Cu-rich spots and their NIR luminescence,
were detected on both sides of the samples. They may have been
component of the airborne dust in the mumication site. The
presence of this pigment, a material synthesized by the ancient
Egyptians, and forgotten from the Middle Ages onwards and
still poorly understood in the rst half of the 19th century, is an
indication that the pure bitumen layer was applied during the
preparation of the mummy in the antiquity, and not in the 19th
century.
This journal is © The Royal Society of Chemistry 2026
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(iii) The presence of abundant alkali feldspar microparticles
on both sides of the samples, recognizable by their Si/Al ratio
and the luminescence of FeIII impurities, is a second indication
that they were trapped in the antiquity, before application of the
black coating. Indeed, these minerals are abundant in desert
sand, and therefore a major component of the airborne dust in
the mummication environment. The fact that abundant
Saharan dust could have settled on the BSM mummy during
preparation indicates that the embalming workshop was
probably well ventilated, to avoid the nuisance of a putrefying
body.

(iv) Abundant calcite particles are also present in the
samples, and were identied by the luminescence of MnII

impurities and of some traces Ln3+ elements (Sm, Dys, Nd and
Yb), all these elements being localized at the Ca2+ site of the
carbonate mineral. The Ca/Al ratio shows that calcite dust
particles (luminescent or not) are predominantly localized at
the external surface of the strips.

(v) The predominance of aluminosilicate particles over
carbonates on the inner surfaces of the samples, while the
opposite is true on the outer surfaces, suggests that the mummy
was subjected to (at least) two different airborne dust inputs
(Fig. 10): a rst input of sand from Sahara (Ca/Al < 2), probably
in spring, during the preparation of the mummy in southern
Egypt, but before the bitumen coating and the strips were
applied, and a second input of carbonate-rich dust from
Northern Egypt (2< Ca/Al < 10). It is likely that this second dust
event took place aer the mummy had been excavated from its
site (in the Thebes region) and removed from the coffins. This
event could have taken place in northern Egypt in the early 19th
century, before the mummy and coffins were shipped to France.
The presence, on the outer surface of the strips, of a mineral
association ilmenite + rutile + magnetite (+monazite?) charac-
teristic of the black sands of the Nile delta, is an argument in
favor of this hypothesis.

(vi) PIXE analysis also showed signicant Hg contamination
attributed to HgCl2 and possibly HgBr2. It was concluded that
the mummy must have undergone undocumented disinfection
campaigns by mercury salts, highly toxic compounds used until
the 20th century to protect museum collections against insects
and fungi.

Although several hypotheses concerning the post-mortem
history of the BSM mummy remain to be conrmed, this work
shows the potential of combined m-PIXE and m-IBIL spectros-
copy and mapping to trace the evolution of the mummy's
environment over time.
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29 L. López and S. Lo Mónaco, Org. Geochem., 2017, 104, 53–68,
DOI: 10.1016/j.orggeochem.2016.11.007.

30 N. R. Foster, B. Martin, J. Hoogerwerff, M. G. Aberle, B. de
Caritat, P. Roffey, R. Edwards, A. Malik, P. Thwaites,
M. Waycott and J. Young, Forensic Sci. Int., 2023, 344,
111599, DOI: 10.1016/j.forsciint.2023.111599.

31 D. Pirrie, L. Dawson and G. Graham, Episods, 2017, 40, 141–
147, DOI: 10.18814/epilugs/2017/v40i2/017016.

32 F. Lucarelli, Eur. Phys. J. Plus, 2020, 135, 538, DOI: 10.1140/
epjp/s13360-020-00516-3.

33 L. Pichon, B. Moignard, Q. Lemasson, C. Pacheco and
Ph. Walter, Nucl. Instrum. Methods Phys. Res., Sect. B, 2014,
318, 27–31, DOI: 10.1016/j.nimb.2013.06.065.

34 L. Pichon, T. Calligaro, Q. Lemasson, B. Moignard and
C. Pacheco, Nucl. Instrum. Methods Phys. Res., Sect. B, 2015,
348, 68–72, DOI: 10.1016/j.nimb.2015.01.010.
402 | J. Anal. At. Spectrom., 2026, 41, 385–403
35 J. F. Ziegler, M. D. Ziegler and J. P. Biersack, Nucl. Instrum.
Methods Phys. Res., Sect. B, 2010, 268, 1818–1823, DOI:
10.1016/j.nimb.2010.02.091.

36 S. A. E. Johansson, and J. L. Campbell, PIXE: A Novel
Technique for Elemental Analysis. John Wiley & Sons, New
York. DOI: 10.1002/xrs.1300180514.

37 L. Pichon, T. Calligaro, V. Gonzalez, Q. Lemasson,
B. Moignard and C. Pacheco, Nucl. Instrum. Methods Phys.
Res., Sect. B, 2015, 363, 48–54, DOI: 10.1016/
j.nimb.2015.01.086.

38 J. L. Campbell, N. I. Boyd, N. Grassi, P. Bonnick and
J. A. Maxwell, Nucl. Instrum. Methods Phys. Res., Sect. B,
2010, 268, 3356–3363, DOI: 10.1016/j.nimb.2010.07.012.
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